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Summary
An intact cel l  lval l  is essential fbr the survival of the bacterial cel l .  I t  gives the cel l  i ts shape
and stabi l i ty and i t  protects the bacteriurn against the high osmotic pressure inside the cel l .  To
keep the cel l  wal l  intact during the l i fe cycle of the bacterial cel l ,  the bacterium uses a large
number of cel l  wal l  metabolising enzynes, which closely work together. Some enzymes
assemble and/or cross-l ink the bui lding blocks of the cel l  wal l  (disaccharide-peptides) into a
ltetwork of peptidoglycan strands, while other enzymes remove, under str ict conrrol,  small
cel l  wal l  fragments to make space for the insert ion of new cel l  wal l  material during the
growth of the cel l .  Furthermore. some enzynles make pores in the cel l  rval l  to al low transport
of proteins and DNA. How the activi t ies of the cel l  rval l  enzymes are precisely coordinated is
not completely clear. But i f  the f ine-tuned interplay between the cel l  wal l  enzymes is
interrupted by stress factors or inhibitors, the cel l  wal l  structure can get damaged to such an
extent that the high internal pressure can cause cel l  lysis.
Many pathogenic bacteria, including Yersit t iu pestls (bubonic plague), Bordetel la
pertussis (whooping cough), Neisseria nteningit icl is (rneningit is),  Neisseria gonorrhoea
(venereal diseirse), Salmoncl la typhimuriunt (food poisoning), Helicobacter ptLori  (gastr ic
ulcer) and Esclntr i t l t iu col i  (diarr l ioea). hlve cel l  wal ls. which alc very similal and consist of
the same bui lding blocks. Because the cel l  wal l  is essential for the bacteria, and the cel l  wal l
bui lding blocks are unique to bacteria, the enzymes involved in the rnaintenance of the cel l
wal l  are an interesting gloup o1'targets for antibiot ics. For example, penici l l in and other p-
lac ta tn  der iva t ives  inh ib i t  enzymes invo lved in  c ross- l ink ing  o f  the  pept idog lycan,  wh ich
lesults in disruption o1'the cel l  wal l  and eventual ly cel l  lysis. Unfortunately, rnany pathogenic
bacteria have cleveloped resistance against these antibacterials and therefore, new inhibitors
are lecluired to conibat bacterial inf'ections.
The cel l  wal l  of Esche r ichiu r:o/ i  is located bctrveen the innel and outer membrane and
consists of l inear polysaccharide chains of alternating N-acetylglucos;rmine (GlcNAc) and N-
acetylmuramic acid (MurNAc) residues cross-l inked by short peptide bridges. The peptide
chains are attached to the MulNAc D-lactate groups and consist of 3 to 5 l-  and D-amino
acid residues. The pentapeptide consists ol 'Z-alanyl-D--elutarnyl-n-diaminopimelyl-D-alanyl-
D-alanine (L-Ala-D-Glu-m-Dap-D-Ala-D-Ala). During the cel l  cycle, new peptidoglycan is
cross-l inked to the cel l  wal l  via peptide boncls by specif ic enzymes. These enzymes can be
inh ib i ted  by  pen ic i l l i n ,  because pen ic i l l i n  mimics  thc  D-A la-D-A la  pept ide  bond and b inds
irreversible to these penici l l in-binding proteins. Cell  lysis can therefore take place.
In contrast, lyt ic transglycosylases do not act on thc peptide boncis, but they cleave the
glycosidic bond between a MurNAc residue and a GIcNAc rcsidue in the peptidoglycan. This
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step is accompanied by the forrnation of a so-cal led 1,6-anhydrobond between the C1 carbon
atom and the 06 oxygen atorn of the MurNAc sugar (anhMurNAc). The peptide side chains
of the 1,6-anhydromuropeptide products (GlcNAc-anhMurNAc-peptides) vary f iom 3 to 4
res idues  and somet imes they  are  s t i l l  c ross- l inked to  the  pept idog lycan po lymer .  Th is
transglycosylat ion reaction is unique to bacteria and inhibit ion of lyt ic transglycosylases
seems to enhance the etf icacy of 'B-lactam antibiot ics. Therefore, the lyt ic transglycosylases
are interesting targets for drug design. Knowledge of their three-dimensional structures at
atomic level could be helpful for such a drug design approach.
This thesis describes structural research of two lyt ic transglycosylases from E. col i ,
Slt35 and Slt70, using X-ray crystal lography. Although both enzymes show large dif ferences
in size and amino acid scquencc. thcir stmctures have a domain with a similar fold in which
the active site is located. ln thc activc sitcs. scveral substrates have been bound to gain insight
in the interactions of the enzymes with peptidoglycan and in their reaction mechanisms.
Chapter 1 gives an overview of the present knowledge of the cel l  wal l  structure and
the bacterial lyt ic transglycosylases of Escherir:hiu coLi. Furthermore, the structures and
reac t ion  rnechan isms o f  o ther  enzymes tha t  can  c leave the  po lysacchar ide  cha ins  o f
peptidoglycan are discussed.
Chapter 2 describes the crystal l isat ion and struct l l re elucidation ol 'Slt35. Rod-shaped
pro te in  c rys ta ls  were  ob ta ined wh ich  d i f f rac ted  to  1 .7  A  reso lu t ion .  Crys ta ls  were
subsequent ly  soaked in  so lu t ions  w i th  mercury .  lead  or  osmium compounds.  Due to  the
binding of the heavy atoms to Slt35, the dit fract ion patterns of these crystals were suff iciently
altered to calculate the distr ibution ofelectrons in the crystal at 2.5 A lesolut ion. Then, a new
and poweriul rnethod in protein crystal lography, cal lcd wARP, was successful ly appl ied to
improve thc electron clensity rnap and to extend the lesolut ion to 1.7 A. Using the wARP
rnethod,  the  bu i ld ing  o f  the  th ree-d imens iona l  s t ruc tu re  o f  S l t35  was subs tan t ia l l y
accelerated. Slt35 was the f irst protein of unknown structure to which the wARP method was
successful ly appl icd.
Chapter J describes the ref incd crystal structLrre of Slt35 at 1.7 A rcsolut ion i lnd lr
complex o1'Slt35 with a GlcNAc molecule at 2.45 A rcsolut ion. The enzyrne consists of three
domains nanred the alpha, beta and corc domains. Thc alpha dornain contains an N-terminal
subdomain (residues 40-98) and a hairpin subdomain (residues 110-215), which consist of 5
tx-hel ices and 2 short B-strands. The beta domain has a f ive-stranded antiparal lel  B-sheet
f lanked by a short cr-hel ix. The core dornain is sandwiched between the alpha and beta
domains ancl contains 8 cr-hel ices. Despite the lack of signif icant sequence homology, the
core  c lomain  o f  S1t35  resembles  thc  fo ld  o f  the  ca ta ly t i c  domain  o f  S l t70 .  G lu162 o f  S l t35
super imposes  on  the  ca ta ly t i c  ac id /base o f  S l t70 .  Muta t ion  o f  G lu162 in to  a  g lu tamine
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residue yielded a completely inactive enzyme, in support of a catalytic role of Glu162.
Glul62 is located in a deep cleft in ttre core dornain, where also a GlcNAc molecule could be
bound. Furthermore the core domain has a single metal ion-binding site that shows high
homology to EF-hand calcium-binding sites, which are ofien observed in eukaryotic proteins.
The res idues of  the rneta l - ion b inding s i te  are conserved in a l l  SI t3s/Ml tB ly t ic
transglycosylases from various bacteria, which suggests an important role for the metal ion-
b inding s i te .
Chapter 4 focuses on the nature of the metal ion-binding site and its effect on the
therrnostabil ity of Slt35. Two diffraction data sets were collected fronr a single crystal after it
was soaked in a solution with either sodium or calcium ions. Analysis of the electron density
maps clearly showcd that both ions can binrl to the protein. However, heat-induced unfolding
studies rvith Slt35 in the'presence of various metal ions subseqr.rently showed that the
thermostabil ity of Slt35 is only increased in the presence of calcium, even if a 1O0-fold
excess of sodiun ions is oresent. This shows ihat calcium is the natural ion fbr the metal-ion
binding site.
Chapter 5 analyses the interactions of Slt35 with trvo peptidoglycan fragments and a
glycopeptide inhibitor. The peptidoglycan fragments were the disaccharide (GlcNAc), and
the murodipept ide GlcNAc-MurNAc-L-Ala-D-Glu.  The g lycopept ide was the ly t ic
transglycosylase inhibitor bulgecin A, which consists of a 4-O-sulfonyl-GlcNAc residue, and
aL-proline ring with a taurine residue. Two rnurodipeptides wcre tound at adjacent sides of
the cata ly t ic  ac id/base Glu l62 in  the act ive s i te .  Bulgccin A b inds in  an extended
contormation in the active site cleft and probably mirnics an clxo-carbonium ion intermediate.
A ternary cornplex of Slt35, bulgecin A ancl (GlcNAc), sl.rows how the GlcNAc sugrir in site
+1 might shield this interrnediate from the solvent to prevent hydrolysis. The complexes
suggest  contr ibut ions to c t ta lys is  f rom Glu l62.  Ser2 l6  and Asn339,  which res idues are
conserved among the Slt3-5/MltB lytic transglycosylases.
Chapter 6 gives a detailed description of the high resolution structure of Slt70.
In i t ia l ly ,  the Sl t70 crysta ls  only  d i f f racted to 2.1 A resolut ion,  but  us ing cryo-cool ing and
synchrotron X-ray radiat ion,  d i f f ract ion to 1.65 A resolLr t ion could be obta ined.  The
irnprovecl model shows, beside the 618 arlino acid and alnrost 1000 watel molecules ome
small ions and molecules: I3 sulfate ions, one acetate ion and 7 glycerol molecules. Slt70 has
three donrains nanred the U-, L- and C-domains. The N{erminal and horse shoe-shaped U-
domain (residues l-360), the Ul--loop (residues 361-317) and the l inker L-domain (residues
378-450) form a ring of 28 a-helices, which are ordered into an o-superhelix. The fold of the
superhelix is chalacterised by two layers of helices. in which the helices are parallel within
the same layer, but antiparallel to the helices in the opposite layer. Especially alanine, lencine
t65
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and arginine residues are involved in the helix-to-helix packing. This is in contrast to the 9 cr-
helices of the catalytic C-dornain, where mostly alanine and tyrosine residues take part in the
helix-to-helix packing. The fold of C-dornain resembles the earlier mentioned SIt35 core
domain and the goose-type lysozyme structure. ln a deep groove of the C-domain, Glu478
acts as the cata ly t ic  ac id/base of  Sl t70.  In  addi t ion,  the b inding of  the 1,6-
anhydromurotripeptide GlcNAc-anhMurNAc-L-Ala-D-Glu-n-Dap shows the presence of one
peptide-binding site at the intert-ace of the U-, L- and C-domains.
Chapter 7 finishes this thesis with concluding remarks and recommendations for
future research on lytic transglycosylases.
The elucidation of the Slt35 structure has contributed to the development of a new and
effective method (wARP) to accelerate he buildin-e oi a new protein structure. In addition the
crystal structures of Slt35 and Slt70, and of their complexes with peptidoglycan fragments
and inhibitors have given more insight in their structures, interactions with the peptidoglycan
and react ion mechanism. This in lorr la t ion nray be of  help in  the design of  ly t ic
transglycosylase i nhibitors.
